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Purpose: Anterior cruciate ligament (ACL) injuries commonly occur during the early phase of landing and cutting tasks that involve sudden
decelerations. The purpose of this study was to investigate the effects of jump height and jump speed on lower extremity biomechanics during a
stop-jump task and the effect of cutting speed on lower extremity biomechanics during a side-cutting task.
Methods: Thirty-six recreational athletes performed a stop-jump task under 3 conditions: jumping fast, jumping for maximum height, and jumping
for 60% of maximum height. Participants also performed a side-cutting task under 2 conditions: cutting at maximum speed and cutting at 60% of
maximum speed. Three-dimensional kinematic and kinetic data were collected.
Results: The jumping fast condition resulted in increased peak posterior ground reaction force (PPGRF), knee extension moment at PPGRF, and
knee joint stiffness and decreased knee flexion angle compared with the jumping for maximum height condition. The jumping for 60% of
maximum height condition resulted in decreased knee flexion angle compared with the jumping for maximum height condition. Participants
demonstrated greater PPGRF, knee extension moment at PPGRF, knee valgus angle and varus moment at PPGRF, knee joint stiffness, and knee
flexion angle during the cutting at maximum speed condition compared with the cutting at 60% maximum speed condition.
Conclusion: Performing jump landing at an increased jump speed resulted in lower extremity movement patterns that have been previously
associated with an increase in ACL loading. Cutting speed also affected lower extremity biomechanics. Jump speed and cutting speed need to be
considered when designing ACL injury risk screening and injury prevention programs.
© 2016 Production and hosting by Elsevier B.V. on behalf of Shanghai University of Sport. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Anterior cruciate ligament (ACL) injuries are common
sports-related knee injuries. The annual incidence rate of ACL
injury is approximately 1 in every 3000 citizens.1,2 ACL injuries
not only bring financial burden to the health service3 but also
cause devastating consequences to patients’ quality of life and
can lead to secondary injuries and disorders.4,5 Understanding
ACL injury mechanisms is crucial for developing evidence-
based injury prevention strategies.6,7 Previously, investigators
have shown that certain movement patterns such as decreased
knee flexion angle, increased impact ground reaction force
(GRF), and internal knee extension moment are associated with
increasedACL loading.7–11 Knee valgus/varus angle and valgus/
varus moment may also load the ACL when an anterior shear
force is applied to the proximal tibia at a small knee flexion
angle.9,12 In addition, ACL injuries typically occur during the
early phase of landing and cutting tasks that involve sudden
decelerations.13–17 Furthermore, investigators recently quanti-
fied knee kinematics near the time of ACL injury based on
tibiofemoral bone bruises and found that the knee was close to
full extension near the time of injury.18 Therefore, investigators
have assessed lower extremity biomechanics associated with
ACL loading during jump landing, cutting, and a combination
of landing and cutting tasks that simulate the maneuvers that
are believed to cause ACL injuries.19–25
Peer review under responsibility of Shanghai University of Sport.
* Corresponding author.
E-mail address: bing_yu@med.unc.edu (B. Yu)
http://dx.doi.org/10.1016/j.jshs.2016.11.004
2095-2546/© 2016 Production and hosting by Elsevier B.V. on behalf of Shanghai University of Sport. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ARTICLE IN PRESS JSHS343_proof ■ 30 November 2016 ■ 1/7
Please cite this article in press as: Boyi Dai, et al., The effect of performance demands on lower extremity biomechanics during landing and cutting tasks, Journal of Sport and Health
Science (2016), doi: 10.1016/j.jshs.2016.11.004
Available online at www.sciencedirect.com
Journal of Sport and Health Science xx (2016) 1–7
www.jshs.org.cn
Q2 Q3
Q1
1bs_bs_query
2bs_bs_query
3bs_bs_query
4bs_bs_query
5bs_bs_query
6bs_bs_query
7bs_bs_query
8bs_bs_query
9bs_bs_query
10bs_bs_query
11bs_bs_query
12bs_bs_query
13bs_bs_query
14bs_bs_query
15bs_bs_query
16bs_bs_query
17bs_bs_query
18bs_bs_query
19bs_bs_query
20bs_bs_query
21bs_bs_query
22bs_bs_query
23bs_bs_query
24bs_bs_query
25bs_bs_query
26bs_bs_query
27bs_bs_query
28bs_bs_query
29bs_bs_query
30bs_bs_query
31bs_bs_query
32bs_bs_query
33bs_bs_query
34bs_bs_query
35bs_bs_query
36bs_bs_query
37bs_bs_query
38bs_bs_query
39bs_bs_query
40bs_bs_query
41bs_bs_query
42bs_bs_query
43bs_bs_query
44bs_bs_query
45bs_bs_query
46bs_bs_query
47bs_bs_query
48bs_bs_query
49bs_bs_query
50bs_bs_query
51bs_bs_query
52bs_bs_query
53bs_bs_query
54bs_bs_query
55bs_bs_query
56bs_bs_query
57bs_bs_query
58bs_bs_query
59bs_bs_query
60bs_bs_query
61bs_bs_query
62bs_bs_query
63bs_bs_query
64bs_bs_query
65bs_bs_query
66bs_bs_query
H O S T E D  BY
Production and hosting by Elsevier
Available online at www.sciencedirect.com
ScienceDirectScienceDirect
During competitive situations, athletic tasks may be per-
formed with different performance demands. For example, a
jump task may be performed for maximum jump height or
speed for different competitive situations.26 For the same
reason, a cutting task may be performed with different cutting
speeds. Although performance demand is an important compo-
nent in the completion of an athletic task, the effect of the
performance demand on the lower extremity biomechanics that
have been previously associated with ACL injury remains
largely unknown. Previously, investigators have focused on the
effect of drop height on landing biomechanics and found that
impact GRF generally increase as the drop height increases.27,28
Although jump-landing biomechanics have been commonly
assessed with maximum jump height as the performance
demand,10,19–21,29–31 it is unknown whether increasing jump
height can alter landing mechanics in a way that would increase
the risk of an ACL injury. Impact GRF may increase when
individuals jump at an increased speed,32 but the effect of jump
speed on knee kinematics and kinetics is unclear. In addition,
individuals have been commonly assessed using a controlled
speed during cutting tasks without clear understanding of how
cutting speed may affect lower extremity biomechanics.23,33,34
Screening and training athletes without knowing whether the
task demand is associated with ACL loading may result in
misinterpretation of screening results and mislead injury pre-
vention programs.
As such, the purpose of the current study was to investigate
the effects of jump height and jump speed on lower extremity
biomechanics during a stop-jump task and the effect of cutting
speed on lower extremity biomechanics during a side-cutting
task. We hypothesized that increasing jump speed and increas-
ing jump height when performing a stop-jump task would result
in increased peak posterior ground reaction force (PPGRF),
internal knee extension moment, knee joint stiffness, knee
valgus angle, knee varus moment, and decreased knee flexion
angle. We further hypothesized that increasing cutting speed
when performing a side-cutting task would result in increased
PPGRF, internal knee extension moment, knee joint stiffness,
knee valgus angle, knee varus moment, and decreased knee
flexion angle.
2. Methods
2.1. Participants
Based on previous studies on the effect of drop height and
jump-landing technique on lower extremity biomechanics,32,35–37
a medium to large effect size was expected for the current study.
Assuming an effect size of 0.5 for a pairwise comparison,
a sample size of 34 was needed for a type I error of 0.05 and
a power of 0.8. Eighteen male and 18 female recreational
athletes (age: 22.3 ± 3.3 years; height: 1.74 ± 0.09 m; body
mass: 70.9 ± 9.8 kg) who had experience in playing sports that
involved landing and cutting tasks participated in the current
study.The exclusion criteria included (1) having a lower extrem-
ity injury that prevented participation in physical activity for
more than 2 weeks over the previous 6 months; (2) having a
history of anACL injury or other major lower extremity injuries;
(3) possessing any condition that prevented maximal participa-
tion effort in sporting activities; or (4) pregnancy.38 This study
was approved by the University of North Carolina at Chapel Hill
Institutional Review Broad. Participants signed informed
consent forms prior to participation.
2.2. Protocol
Participants performed a vertical stop-jump task for 3
experimental conditions: (1) jumping for maximum height, (2)
jumping fast, and (3) jumping for 60% of maximum height. The
vertical stop-jump task consists of an approach run followed by
a 1-footed takeoff, a 2-footed landing on 2 force plates, and a
2-footed takeoff.24,30 During the jumping for maximum height
condition, participants were instructed to jump as high as pos-
sible following the 2-footed takeoff. During the jumping fast
condition, participants were instructed to jump as fast as pos-
sible during the 2-footed landing while still trying to jump as
high as possible following the 2-footed takeoff. During the
jumping for 60% of maximum height condition, participants
jumped for 60% of maximum jump height following the
2-footed takeoff. In our pilot study, we observed that 60% of
maximum jump height gave a general representation of
jumping with decreased jump height while participants still
maintained a fluid jumping motion. For this condition, partici-
pants’ maximum jump height was first measured using a Vertec
(Sports Imports, Columbus, OH, USA), and 60% of maximum
jump height was calculated and corresponded to a certain
height of the Vertec. Participants practiced 60% of maximum
jump height until they felt comfortable that they could consis-
tently jump to the targeted height. Participants used a single-
hand contact technique with the Vertec during both evaluation
trials for maximum jump height and practice trials for 60% of
maximum jump height. The Vertec was then removed to be
consistent with other jumping conditions, and participants were
instructed to maintain 60% of maximum jump height during the
jumping for 60% of maximum height condition. The actual
jump height was not monitored during data collection but was
calculated during data processing based on marker coordinate
data.
Participants also performed a side-cutting task with the
dominant leg (self-reported preferred leg to jump for distance)
for 2 experimental conditions: (1) cutting at maximum speed
and (2) cutting at 60% of maximum speed. The side-cutting
task consisted of an approach run followed by a 1-footed
landing on a force plate and a lateral cut at 45° from the running
direction.24,39 During the cutting at maximum speed condition,
participants were instructed to run as fast as possible and cut as
fast as possible. During the cutting at 60% of maximum speed
condition, participants cut at 60% of maximum running and
cutting speed. For this condition, a regular timer was manually
started and stopped by the investigator to quantify the time from
the start position to the end position when participants ran and
cut as fast as possible. Participants then practiced to complete
the task from the same start and end positions using 167% of
the total time that was used during the cutting at maximum
speed condition. As such, with the same start and end positions
but 167% of the total time, participants were expected to
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achieve 60% of maximum cutting speed. Participants practiced
60% of maximum cutting speed until they felt comfortable that
they could consistently run and cut at the targeted speed. The
actual speed was not monitored during data collection but was
calculated during data processing based on marker coordinate
data.
The order of stop-jump and cutting tasks and the order of
different experimental conditions for each task were random-
ized. A minimum of 5 practice trials were performed before 5
official trials were collected for each experimental condition.
Participants had a 3-min rest between experimental conditions
and a 30-s rest between trials to reduce the effect of fatigue.
2.3. Data collection
Participants wore Spandex shorts and shirts as well as their
own athletic shoes during data collection. Participants per-
formed overground running and self-selected stretching for
5 min to warm up. Retroreflective markers were attached bilat-
erally on participants’ acromioclavicular joints, anterior supe-
rior iliac spines (ASIS), posterior superior iliac spines (PSIS),
greater trochanters, lateral and medial femoral condyles, tibial
tuberosity, lower shank, lateral and medial malleoli, heels, first
and fifth metatarsal heads, and first toes.38 Three-dimensional
coordinates of reflective markers were collected using a data
acquisition system with 8 Peak Motus video cameras (Peak
Performance Technologies, Centennial, CO, USA) at a sam-
pling rate of 120 Hz.20,22,24 GRF data were collected using 2
Bertec 4060A force plates (Bertec Corporation, Columbus,
OH, USA) at a sampling rate of 1200 Hz.19,20,25
2.4. Data reduction
The data during the landing phase were examined only for
the dominant leg. The coordinate and GRF data were filtered
using a fourth-order zero-phase-shift low-pass Butterworth
filter at a frequency of 10 Hz and 200 Hz, respectively. The
cutoff frequency for the coordinate data was estimated using an
established method for best accuracy of calculating 2nd time
derivatives.40 The cutoff frequency for GRF data was obtained
from power spectrum analyses of GRFs that demonstrated that
most signals of GRFs are below 200 Hz when sampled at
1200 Hz. The use of these cutoff frequencies was consistent
with previous studies.38,41
Methods to calculate jump height, approach speed, takeoff
speed, and contact time were described in a previous study.38
The center of the pelvis was defined as the center of the left
and right ASIS and the left and right PSIS. Jump height was
determined by the difference between the maximum vertical
coordinates of the center of the pelvis during jumping trials and
vertical coordinates of the center of pelvis during static trials.
The instantaneous speed of the center of the pelvis at the
moments of toe-touch and toe-off was calculated to determine
approach and takeoff speed. Contact time was calculated as the
total time from toe-touch to toe-off.
Procedures to define joint centers and segment reference
frames and methods to calculate joint angles and resultant
moments were consistent with previous studies.20,38 The hip
joint center was defined as a point in the pelvis reference frame
and was located at 19%, 30%, and 14% of the inter-ASIS
distance posterior, distal, and medial to theASIS, respectively.42
The knee joint center was defined as the midpoint between the
lateral and medial femoral condyles. The ankle joint center was
defined as the midpoint between the lateral and medial malleoli.
The pelvis reference frame was defined using bilateral ASIS
and the middle point of bilateral PSIS. The thigh reference
frame was defined using the hip joint center, knee joint center,
and lateral femoral condyle. The shank reference frame was
defined using the knee joint center, ankle joint center, and
lateral femoral condyle. Cardan angles between thigh and
shank reference frames were calculated in an order of flexion–
extension, varus–valgus, and internal–external rotation.43
Segment masses, center of mass locations, and segment
moments of inertia were based on modified Clauser methods.44
An inverse dynamics approach was used to calculate lower
extremity joint resultant forces and resultant moments.45 Joint
resultant moments were transferred to the distal segment’s ref-
erence frame and expressed as internal moments. Joint stiffness
was calculated as changes in joint resultant moments divided by
changes in joint angles. Forces were normalized to body weight.
Moments were normalized to the product of body weight
and body height. Data calculations were performed in an
MS3D70 computer program package (MotionSoft, Chapel Hill,
NC, USA).
For the stop-jump task, performance variables included
jump height and contact time. For the side-cutting task, perfor-
mance variables included approach speed, takeoff speed, and
contact time. PPGRF during the early landing phase is consid-
ered a critical time point for ACL loading.10,20 In addition to
PPGRF, knee flexion angle and knee extension moment are
important when assessing ACL injury risk.6,8–11,18 Knee varus/
valgus angle and knee varus/valgus moment may contribute to
ACL loading.9,12 Therefore, for both stop-jump and side-cutting
tasks, kinematic and kinetic variables associated with ACL
injury risk included knee flexion angle at initial contact,
PPGRF, knee flexion angle at PPGRF, knee extension moment
at PPGRF, knee varus/valgus angle at PPGRF, knee varus/
valgus moment at PPGRF, peak knee flexion angle, knee flexion
range of motion from initial contact to peak flexion, and sagittal
plane knee joint stiffness from initial contact to peak flexion.
Peak PPGRF during the early landing phase is considered a
critical time point for ACL loading.
2.5. Statistical analysis
Performance, kinematic, and kinetic variables were com-
pared among 3 stop-jump conditions using analysis of variance
with repeated measures. Only significant analyses of variance
were followed by paired t tests. Performance, kinematic, and
kinetic variables were compared between the 2 side-cutting
conditions using paired t tests. An outlier was defined as a value
that deviated from the mean by more than 3 times the standard
deviation and significantly affected the significance level of a
statistical test. A type I error rate less than or equal to 0.05 was
chosen as indication of statistical significance. The Holm step-
down procedure was used to adjust the type I error rate of each
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paired t test to keep the overall type I error rate no greater than
0.05.46 Statistical analyses were performed in SPSS 16.0 (SPSS
Inc., Chicago, IL, USA).
3. Results
For the stop-jump task, p values of analysis of variance were
less than 0.001 for jump height, contact time, knee flexion angle
at initial contact, PPGRF, knee flexion angle at PPGRF, knee
extension moment at PPGRF, peak knee flexion angle, knee
flexion range of motion, and knee joint stiffness, but not for
knee varus/valgus angle at PPGRF (p = 0.294) or knee varus/
valgus moment at PPGRF (p = 0.470). Paired t tests were per-
formed between each pair of jumping conditions for the 9
variables that showed significant analysis of variance (Table 1).
For the side-cutting tasks, the knee joint stiffness data of 1
participant were identified as outliers and not included in the
analysis. Paired t tests were performed between 2 cutting con-
ditions for all 12 variables (Table 2). A total of 39 paired t tests
were performed for both the stop-jump and side-cutting tasks
(Tables 1 and 2). The largest p value for a significant paired t
test was 0.006 after the adjustment for the overall type I error
rate (Table 1).
For the stop-jump task (Table 1), jump height was the great-
est during the jumping for maximum height condition, the
second greatest during the jumping fast condition, and the least
during the jumping for 60% of maximum height condition. The
actual jump height during the jumping for 60% of maximum
jump height condition was 65.6% ± 13.1% (mean ± standard
deviation) of the jump height during the jumping for maximum
height condition. Contact time was significantly shorter during
the jumping fast condition compared with the other 2 jumping
conditions. Knee flexion angle at initial contact was signifi-
cantly smaller during the jumping for 60% of maximum height
condition compared with the other 2 conditions. PPGRF, knee
extension moment at PPGRF, and knee joint stiffness were
significantly greater during the jumping fast condition com-
pared with the other 2 jumping conditions. Knee flexion angle
at PPGRF was significantly greater during the jumping for
Table 1
Performance outcomes and kinematic and kinetic variables (mean ± standard deviation) during the 3 stop-jump conditions (jumping fast, jumping for maximum
height, and jumping for 60% of maximum jump height).
Jumping fast Jumping max
height
Jumping 60%
of max height
p values of paired t tests
Fast vs.
max.
height
Fast vs.
60% of
max. height
Max height
vs. 60% of
max height
Jump height (m) 0.38 ± 0.11 0.48 ± 0.12 0.31 ± 0.07 <0.001* <0.001* <0.001*
Contact time (ms) 233.0 ± 34.8 318.3 ± 62.3 297.5 ± 48.3 <0.001* <0.001* 0.066
Knee flexion angle at initial contact (°) 23.5 ± 8.6 24.9 ± 7.8 19.2 ± 7.2 0.117 <0.001* <0.001*
PPGRF (BW) −0.87 ± 0.27 −0.65 ± 0.26 −0.59 ± 0.19 <0.001* <0.001* 0.033
Knee flexion angle at PPGRF (°) 31.5 ± 7.9 35.1 ± 7.7 29.6 ± 6.9 <0.001* 0.041 <0.001*
Knee flexion (+)/extension (−) moment at PPGRF (BW × BH) 0.09 ± 0.04 −0.07 ± 0.04 −0.06 ± 0.03 0.006* <0.001* 0.048
Knee varus (+)/valgus (−) angle at PPGRF (deg) −1.18 ± 5.50 −0.44 ± 6.14 −0.68 ± 5.61 — — —
Knee varus (+)/valgus (−) moment at PPGRF (BW × BH) −0.005 ± 0.049 −0.011 ± 0.033 −0.008 ± 0.032 — — —
Peak knee flexion angle (°) 58.7 ± 8.6 73.8 ± 11.0 67.4 ± 7.6 <0.001* <0.001* <0.001*
Knee flexion range of motion (°) 35.1 ± 7.6 48.9 ± 9.4 48.2 ± 8.4 <0.001* <0.001* 0.681
Knee joint stiffness (BW × BH/°) −0.005 ± 0.001 −0.003 ± 0.001 −0.003 ± 0.001 <0.001* <0.001* 0.315
* Significant p values at an adjusted type I error rate.
Abbreviations: BH = body height; BW = body weight; PPGRF = peak posterior ground reaction force.
Table 2
Performance outcomes and kinematic and kinetic variables (mean ± standard deviation) during the 2 side-cutting conditions (cutting at maximum speed and cutting
at 60% of maximum speed).
Cut max. speed Cut 60% max. speed p values of paired t tests
Approach speed (m/s) 3.8 ± 0.35 2.1 ± 0.33 <0.001*
Takeoff speed (m/s) 4.2 ± 0.39 2.3 ± 0.34 <0.001*
Contact time (ms) 298.4 ± 45.1 439.2 ± 96.1 <0.001*
Knee flexion angle at initial contact (°) 24.0 ± 6.7 10.6 ± 6.7 <0.001*
PPGRF (BW) −0.70 ± 0.29 −0.28 ± 0.20 <0.001*
Knee flexion angle at PPGRF (°) 28.0 ± 5.0 17.3 ± 6.8 <0.001*
Knee flexion (+)/extension (−) moment at PPGRF (BW × BH) −0.06 ± 0.05 −0.03 ± 0.03 0.001*
Knee varus (+)/valgus (−) angle at PPGRF (°) −2.50 ± 4.90 −0.59 ± 5.12 <0.001*
Knee varus (+)/valgus (−) moment at PPGRF (BW × BH) 0.007 ± 0.042 −0.017 ± 0.019 <0.001*
Peak knee flexion angle (°) 49.7 ± 5.9 44.1 ± 7.3 <0.001*
Knee flexion range of motion (°) 25.7 ± 8.7 33.5 ± 8.6 <.001*
Knee joint stiffness (BW × BH/°) −0.007 ± 0.003 −0.003 ± 0.001 <.001*
* Significant p values at an adjusted type I error rate.
Abbreviations: BH = body height; BW = body weight; PPGRF = peak posterior ground reaction force.
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maximum height condition compared with the other two con-
ditions. Peak knee flexion angle was the greatest during the
jumping for maximum height condition, the second greatest
during the jumping for 60% of maximum height condition, and
the least during the jumping fast condition. Knee flexion range
of motion was significantly smaller during the jumping fast
condition compared with the other 2 jumping conditions.
For the side-cutting task (Table 2), participants demonstrated
significantly greater approach and takeoff speeds and shorter
contact time during the cutting at maximum speed condition
compared with the cutting at 60% of maximum speed condi-
tion. The actual approach and takeoff speeds during the cutting
at 60% of maximum speed condition were 54.9% ± 8.5% and
55.5% ± 8.2% of those during the cutting at maximum speed
condition, respectively. Participants demonstrated significantly
greater knee flexion angle at initial contact, PPGRF, knee
flexion angle at PPGRF, knee extension moment at PPGRF,
knee valgus angle at PPGRF, knee varus moment at PPGRF,
peak knee flexion angle, and knee joint stiffness, and decreased
knee flexion range of motion during the cutting at maximum
speed condition compared with the cutting at 60% maximum
speed condition.
4. Discussion
The purpose of the current study was to investigate the
effects of jump height and jump speed on lower extremity
biomechanics during a stop-jump task and the effect of cutting
speed on lower extremity biomechanics during a side-cutting
task. The results of performance outcomes support that
participants achieved different performance demands during
different jumping and cutting conditions. The performance
outcomes during the stop-jump task were consistent with a
recent study,26 which has shown that jump height and jump
speed are 2 different task demands, and it is unlikely to jump for
maximum height and highest speed at the same time. The find-
ings of kinematic and kinetic variables partially support our
hypothesis.
The findings of this study support the hypothesis that
performing stop jump at an increased speed would result in
increased PPGRF, internal knee extension moment, and knee
joint stiffness and decreased knee flexion angle. Different from
drop-landing and drop-vertical jump tasks,19,28,35 the stop-jump
task begins with an approach run and involves sudden decel-
erations in the anterior-posterior direction during landing. To
achieve the goal of jumping as fast as possible, participants
landed stiffer, as indicated by the decreased knee flexion angle
at PPGRF, peak knee flexion angle, and knee flexion range of
motion compared with the jumping for maximum height con-
dition. This stiff landing pattern ensured that participants could
absorb the approach momentum in a short time and reduce the
total contact time. However, PPGRF, knee extension moment at
PPGRF, and knee joint stiffness increased as compensation for
the decreased contact time. The findings of increased PPGRF
are consistent with the study by Walsh et al.,32 who found
greater impact GRF when participants landed and jumped with
a shorter contact time. Meanwhile, investigators have previ-
ously shown decreased impact GRF when participants utilized
a soft landing pattern that is characterized by increased knee
flexion angles and contact time, indicating a decreased jump
speed.38,47 The findings of previous studies and the current study
suggest that jump speed is a sensitive factor associated with
lower extremity biomechanics during jump landing. On the
other hand, jump speed did not result in significant differences
in knee valgus angle and knee varus moment at PPGRF, which
could be associated with the predominance of sagittal plane
motion during the stop-jump task. Performing jump landing at
an increased speed may impose a task demand that is associated
with increased sagittal plane loading of the ACL.
The findings of this study do not support the hypothesis that
jumping for a greater height would result in increased PPGRF,
internal knee extension moment, and knee joint stiffness and
decreased knee flexion angle. Actually, jumping for maximum
height resulted in increased knee flexion angle at initial contact,
knee flexion angle at PPGRF, and peak knee flexion angle
but similar PPGRF, knee extension moment at PPGRF, knee
valgus angle at PPGRF, knee varus moment at PPGRF, knee
flexion range of motion, and knee joint stiffness compared with
jumping for 60% of maximum height. Previously investigators
have focused on the effect of drop height on lower extremity
biomechanics during drop-vertical jump tasks.27,28 Jump-
landing task have been usually completed with participants
jumping for maximum jump height.10,19–21,29,30 The results of
the current study, however, suggest that jumping for 60% of
maximum height may represent a scenario that is associated
with increased ACL loading compared with jumping for
maximum height, because of the decreased knee flexion angle.8
The average knee flexion angle at PPGRF during the jumping
for 60% of maximum height condition was below 30°, which is
considered a critical knee flexion angle associated with greater
ACL loading.48,49 A low knee flexion angle may amplify ACL
loading in combination with other loading mechanisms such as
anterior shear force and knee valgus/varus moment.9,12 From a
mechanical perspective, a decreased jump height indicated that
less kinetic energy needed to be generated during the takeoff
phase of landing. During the jumping for maximum height
condition, it was postulated that participants utilized a self-
optimized joint range of motion for maximizing force produc-
tion during the takeoff. On the other hand, during the jumping
for 60% of maximum height condition, participants utilized a
decreased knee flexion angle strategy during landing, which
corresponded to a joint range of motion associated with less
force production during the takeoff. The findings of the current
study did not support the belief that increasing jump height may
change landing mechanics in a way that would increase the risk
of an ACL injury. Assessing jump-landing mechanics with
maximum jump height as the performance demand, therefore,
may not represent ACL injury scenarios.
The findings of this study support the hypothesis that per-
forming side-cutting at an increased speed would result in
increased PPGRF, knee extension moment at PPGRF, and knee
joint stiffness and decreased knee flexion range of motion. An
increased speed also resulted in an increase in the knee valgus
angle at PPGRF and the knee varus moment at PPGRF. The
average knee flexion angles at PPGRF during both side-cutting
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conditions were less than 30°. However, performing side-
cutting at an increased speed also resulted in increased knee
flexion angle at initial contact, knee flexion angle at PPGRF,
and peak knee flexion angle. Previous investigators have
studied the effects of performance demands such as reaction
time and fatigue on lower extremity biomechanics during
cutting.50,51 Participants have been commonly tested with
cutting speed as a control variable.23,33,34 In the current study,
similar to the stop-jump task, participants utilized a movement
pattern with decreased knee flexion angle during the cutting
with 60% of maximum speed condition. This decrease may be
associated with a decreased task demand to produce force and
generate kinetic energy. During the cutting with maximum
speed condition, participants started with greater knee flexion
at initial contact but reduced knee flexion range of motion to
reduce the total contact time, and the task demand of great
force production within a short contact time resulted in greater
PPGRF, knee extension moment at PPGRF, and knee joint
stiffness. The findings suggest that cutting speed could signifi-
cantly modify lower extremity biomechanics and support the
notion of controlling cutting speed when assessing cutting
mechanics. In addition, performing cutting task at different
speeds may pose loads to theACL from difference mechanisms.
There were several limitations of the current study. We
evaluated only jump height and jump speed as performance
demands for the stop-jump tasks, and cutting speed was the
only performance demand for the side-cutting task. Other task
demands, such as the anticipated vs. unanticipated nature of the
task, jumping/cutting directions, and fatigue, were not evalu-
ated and could interact with jump height, jump speed, and
cutting speed to alter the movement patterns in the lower
extremity. Participants practiced the 60% of maximum jump
height and 60% of maximum cutting speed conditions before
data were collected. Participants’ actual jump height and
cutting speed during these 2 conditions were calculated using
marker coordinates during data processing but were not moni-
tored during data collection owing to software limitations. Dif-
ferences were observed between the targeted and actual jump
height and cutting speed during these 2 conditions. These dif-
ferences could be caused by different measurement methods
(Vertec and regular timer vs. markers) between data collection
and data reduction. Participants’ variation in maintaining tar-
geted jump height and cutting speed may also contribute to
these differences. The purpose of the current study was to
compare lower extremity biomechanics between conditions
with maximum performance demands and relatively lower per-
formance demands. In addition, the differences between the
targeted (60%) and actual jump height (66%) and cutting speed
(55%) were only 5–6%. As such, this discrepancy in jump
height and cutting speed may affect the exact magnitudes of
dependent variables but should not affect the general changes in
dependent variables and the conclusion of the current study.
In addition, only 1 decreased jump height condition and 1
decreased cutting speed condition were studied. Real-time
monitoring of jump height and cutting speed may improve the
consistency in achieving the targeted jump height and cutting
speed and allow evaluation of the effect of small incremental
changes in jump height and cutting speed on lower extremity
biomechanics. We assessed only lower extremity biomechanics
that have been previously shown to be associated with ACL
injury. Estimated ACL loading becomes inconclusive when
loading variables such as knee flexion angle and knee extension
moment change in different directions. Future research to
directly measure ACL length or strain could provide a better
understanding of changes in ACL loading as a function of
different performance demands.
5. Conclusion
Performing jump landing at increased jump speed resulted in
lower extremity movement patterns that have been previously
associated with an increase in ACL loading. Cutting speed also
affected lower extremity biomechanics. Jump speed and cutting
speed need to be considered when designing injury risk screen-
ing and injury prevention programs. More dynamic tasks with
decreased contact time could be used in the development of
injury prevention programs during the final stages of training as
well as being incorporated into the final stages of rehabilitation
as athletes are returned to sport after an injury to insure that
they are ready to meet the demands of athletic competition.
Authors’ contributions
BD and BY contributed to the design of the study, data
collection, data reduction, and data analysis and drafted the
manuscript. WG, MG, DP, and RQ contributed to the design of
the study and data analysis and helped to draft the manuscript.
All authors have read and approved the final version of the
manuscript and agree with the order of presentation of the
authors.
Competing interests
The authors have no financial or personal conflicts of interest
to declare.
References
1. Granan LP, Bahr R, Steindal K, Furnes O, Engebretsen L. Development of
a national cruciate ligament surgery registry: the Norwegian National Knee
Ligament Registry. Am J Sports Med 2008;36:308–15.
2. Mall NA, Chalmers PN, Moric M, Tanaka MJ, Cole BJ, Bach BR Jr, et al.
Incidence and trends of anterior cruciate ligament reconstruction in the
United States. Am J Sports Med 2014;42:2363–70.
3. Mather RC 3rd, Koenig L, Kocher MS, Dall TM, Gallo P, Scott DJ, et al.
Societal and economic impact of anterior cruciate ligament tears. J Bone
Joint Surg Am 2013;95:1751–9.
4. Kaeding CC, Pedroza AD, Reinke EK, Huston LJ, MOON Consortium,
Spindler KP. Risk factors and predictors of subsequent ACL injury in
either knee after ACL reconstruction: prospective analysis of 2488 primary
ACL reconstructions from the MOON cohort. Am J Sports Med 2015;43:
1583–90.
5. Luc B, Gribble PA, Pietrosimone BG. Osteoarthritis prevalence
following anterior cruciate ligament reconstruction: a systematic review
and numbers-needed-to-treat analysis. J Athl Train 2014;49:806–19.
6. Dai B, Mao D, Garrett WE, Yu B. Anterior cruciate ligament injuries in
soccer: loading mechanisms, risk factors, and prevention programs. J Sport
Health Sci 2014;3:299–306.
7. Yu B, Garrett WE. Mechanisms of non-contact ACL injuries. Br J Sports
Med 2007;41(Suppl. 1):i47–51.
ARTICLE IN PRESS JSHS343_proof ■ 30 November 2016 ■ 6/7
Please cite this article in press as: Boyi Dai, et al., The effect of performance demands on lower extremity biomechanics during landing and cutting tasks, Journal of Sport and Health
Science (2016), doi: 10.1016/j.jshs.2016.11.004
6 B. Dai et al.
1494bs_bs_query
495bs_bs_query
496bs_bs_query
497bs_bs_query
498bs_bs_query
499bs_bs_query
500bs_bs_query
501bs_bs_query
502bs_bs_query
503bs_bs_query
504bs_bs_query
505bs_bs_query
506bs_bs_query
507bs_bs_query
508bs_bs_query
509bs_bs_query
510bs_bs_query
511bs_bs_query
512bs_bs_query
513bs_bs_query
514bs_bs_query
515bs_bs_query
516bs_bs_query
517bs_bs_query
518bs_bs_query
519bs_bs_query
520bs_bs_query
521bs_bs_query
522bs_bs_query
523bs_bs_query
524bs_bs_query
525bs_bs_query
526bs_bs_query
527bs_bs_query
528bs_bs_query
529bs_bs_query
530bs_bs_query
531bs_bs_query
532bs_bs_query
533bs_bs_query
534bs_bs_query
535bs_bs_query
536bs_bs_query
537bs_bs_query
538bs_bs_query
539bs_bs_query
540bs_bs_query
541bs_bs_query
542bs_bs_query
543bs_bs_query
544bs_bs_query
545bs_bs_query
546bs_bs_query
547bs_bs_query
548bs_bs_query
549bs_bs_query
550bs_bs_query
551bs_bs_query
552bs_bs_query
553bs_bs_query
554bs_bs_query
555bs_bs_query
556bs_bs_query
557bs_bs_query
558bs_bs_query
559bs_bs_query
560bs_bs_query
561bs_bs_query
562bs_bs_query
563bs_bs_query
564bs_bs_query
565bs_bs_query
566bs_bs_query
567bs_bs_query
568bs_bs_query
569bs_bs_query
570bs_bs_query
571bs_bs_query
572bs_bs_query
573bs_bs_query
574bs_bs_query
575bs_bs_query
576bs_bs_query
577bs_bs_query
578bs_bs_query
579bs_bs_query
580bs_bs_query
581bs_bs_query
582bs_bs_query
583bs_bs_query
584bs_bs_query
585bs_bs_query
586bs_bs_query
587bs_bs_query
588bs_bs_query
589bs_bs_query
590bs_bs_query
591bs_bs_query
592bs_bs_query
593bs_bs_query
594bs_bs_query
595bs_bs_query
596bs_bs_query
597bs_bs_query
598bs_bs_query
599bs_bs_query
600bs_bs_query
601bs_bs_query
602bs_bs_query
603bs_bs_query
604bs_bs_query
605bs_bs_query
606bs_bs_query
607bs_bs_query
608bs_bs_query
609bs_bs_query
610bs_bs_query
611bs_bs_query
612bs_bs_query
613bs_bs_query
8. Taylor KA, Terry ME, Utturkar GM, Spritzer CE, Queen RM, Irribarra LA,
et al. Measurement of in vivo anterior cruciate ligament strain during
dynamic jump landing. J Biomech 2011;44:365–71.
9. Dai B, Herman D, Liu H, Garrett WE, Yu B. Prevention ofACL injury, part
I: injury characteristics, risk factors, and loading mechanism. Res Sports
Med 2012;20:180–97.
10. Lin CF, Gross M, Ji C, Padua D, Weinhold P, Garrett WE, et al. A
stochastic biomechanical model for risk and risk factors of non-contact
anterior cruciate ligament injuries. J Biomech 2009;42:418–23.
11. Taylor KA, Cutcliffe HC, Queen RM, Utturkar GM, Spritzer CE, Garrett
WE, et al. In vivo measurement of ACL length and relative strain during
walking. J Biomech 2013;46:478–83.
12. Markolf KL, Burchfield DM, Shapiro MM, Shepard MF, Finerman GA,
Slauterbeck JL. Combined knee loading states that generate high anterior
cruciate ligament forces. J Orthop Res 1995;13:930–5.
13. Boden BP, Dean GS, Feagin JA Jr, Garrett WE Jr. Mechanisms of anterior
cruciate ligament injury. Orthopedics 2000;23:573–8.
14. Krosshaug T, Nakamae A, Boden BP, Engebretsen L, Smith G,
Slauterbeck JR, et al. Mechanisms of anterior cruciate ligament injury
in basketball: video analysis of 39 cases. Am J Sports Med 2007;35:
359–67.
15. Koga H, Nakamae A, Shima Y, Iwasa J, Myklebust G, Engebretsen L, et al.
Mechanisms for noncontact anterior cruciate ligament injuries: knee joint
kinematics in 10 injury situations from female team handball and
basketball. Am J Sports Med 2010;38:2218–25.
16. Walden M, Krosshaug T, Bjorneboe J, Andersen TE, Faul O, Hagglund M.
Three distinct mechanisms predominate in non-contact anterior cruciate
ligament injuries in male professional football players: a systematic video
analysis of 39 cases. Br J Sports Med 2015;49:1452–60.
17. Dai B, Mao M, Garrett WE, Yu B. Biomechanical characteristics of an
anterior cruciate ligament injury in javelin throwing. J Sport Health Sci
2015;4:333–40.
18. Kim SY, Spritzer CE, Utturkar GM, Toth AP, Garrett WE, DeFrate LE.
Knee kinematics during noncontact anterior cruciate ligament injury as
determined from bone bruise location. Am J Sports Med 2015;43:
2515–21.
19. Hewett TE, Myer GD, Ford KR, Heidt RS Jr, Colosimo AJ, McLean SG,
et al. Biomechanical measures of neuromuscular control and valgus
loading of the knee predict anterior cruciate ligament injury risk in female
athletes: a prospective study. Am J Sports Med 2005;33:492–501.
20. Yu B, Lin CF, Garrett WE. Lower extremity biomechanics during the
landing of a stop-jump task. Clin Biomech (Bristol, Avon) 2006;21:
297–305.
21. Padua DA, DiStefano LJ, Marshall SW, Beutler AI, de la Motte SJ,
DiStefano MJ. Retention of movement pattern changes after a lower
extremity injury prevention program is affected by program duration. Am J
Sports Med 2012;40:300–6.
22. Sigward SM, Powers CM. Loading characteristics of females exhibiting
excessive valgus moments during cutting. Clin Biomech (Bristol, Avon)
2007;22:827–33.
23. McLean SG, Walker KB, van den Bogert AJ. Effect of gender on lower
extremity kinematics during rapid direction changes: an integrated analysis
of three sports movements. J Sci Med Sport 2005;8:411–22.
24. Dai B, Butler RJ, Garrett WE, Queen RM. Using ground reaction force to
predict knee kinetic asymmetry following anterior cruciate ligament
reconstruction. Scand J Med Sci Sports 2014;24:974–81.
25. Clarke SB, Kenny IC, Harrison AJ. Dynamic knee joint mechanics
after anterior cruciate ligament reconstruction. Med Sci Sports Exerc
2015;47:120–7.
26. Domire ZJ, Challis JH. Maximum height and minimum time vertical
jumping. J Biomech 2015;48:2865–70.
27. Dufek JS, Bates BT. The evaluation and prediction of impact forces during
landings. Med Sci Sports Exerc 1990;22:370–7.
28. Zhang SN, Bates BT, Dufek JS. Contributions of lower extremity joints to
energy dissipation during landings.Med Sci Sports Exerc 2000;32:812–19.
29. Pollard CD, Sigward SM, Powers CM. Limited hip and knee flexion during
landing is associated with increased frontal plane knee motion and
moments. Clin Biomech (Bristol, Avon) 2010;25:142–6.
30. Butler RJ, Dai B, Garrett WE, Queen RM. Changes in landing mechanics
in patients following anterior cruciate ligament reconstruction when
wearing an extension constraint knee brace. Sports Health 2014;6:203–9.
31. Dai B, Heinbaugh EM, Ning X, Zhu Q. A resistance band increased
internal hip abduction moments and gluteus medius activation during
pre-landing and early-landing. J Biomech 2014;47:3674–80.
32. Walsh M, Arampatzis A, Schade F, Bruggemann GP. The effect of drop
jump starting height and contact time on power, work performed, and
moment of force. J Strength Cond Res 2004;18:561–6.
33. Malinzak RA, Colby SM, Kirkendall DT, Yu B, Garrett WE. A comparison
of knee joint motion patterns between men and women in selected athletic
tasks. Clin Biomech (Bristol, Avon) 2001;16:438–45.
34. Pollard CD, Sigward SM, Ota S, Langford K, Powers CM. The influence of
in-season injury prevention training on lower-extremity kinematics during
landing in female soccer players. Clin J Sport Med 2006;16:223–7.
35. Devita P, Skelly WA. Effect of landing stiffness on joint kinetics and
energetics in the lower extremity. Med Sci Sports Exerc 1992;24:108–15.
36. Peng HT. Changes in biomechanical properties during drop jumps of
incremental height. J Strength Cond Res 2011;25:2510–18.
37. McNitt-Gray JL. Kinetics of the lower extremities during drop landings
from three heights. J Biomech 1993;26:1037–46.
38. Dai B, Garrett WE, Gross MT, Padua DA, Queen RM, Yu B. The effects of
2 landing techniques on knee kinematics, kinetics, and performance during
stop-jump and side-cutting tasks. Am J Sports Med 2015;43:466–74.
39. Dai B, Butler RJ, Garrett WE, Queen RM. Anterior cruciate ligament
reconstruction in adolescent patients: limb asymmetry and functional knee
bracing. Am J Sports Med 2012;40:2756–63.
40. Yu B, Gabriel D, Noble L, An KN. Estimate of the optimum cutoff
frequency for the Butterworth low-pass digital filter. J Appl Biomech
1999;15:318–29.
41. Liu H, Wu W, Yao W, Spang JT, Creighton RA, Garrett WE, et al. Effects
of knee extension constraint training on knee flexion angle and peak impact
ground-reaction force. Am J Sports Med 2014;42:979–86.
42. Bell AL, Pedersen DR, Brand RA. A comparison of the accuracy of several
hip center location prediction methods. J Biomech 1990;23:617–21.
43. Grood ES, Suntay WJ. A joint coordinate system for the clinical
description of three-dimensional motions: application to the knee.
J Biomech Eng 1983;105:136–44.
44. Hinrichs RN. Adjustments to the segment center of mass proportions of
Clauser et al. (1969). J Biomech 1990;23:949–51.
45. Greenwood DT. Principles of dynamics. 2nd ed. Englewood Cliffs, NJ:
Prentice-Hall; 1987.
46. Holm S. A simple sequentially rejective multiple test procedure. Scand J
Stat 1979;6:65–70.
47. Munro A, Herrington L. The effect of videotape augmented feedback on
drop jump landing strategy: implications for anterior cruciate ligament and
patellofemoral joint injury prevention. Knee 2014;21:891–5.
48. Shimokochi Y, Shultz SJ. Mechanisms of noncontact anterior cruciate
ligament injury. J Athl Train 2008;43:396–408.
49. Sakane M, Livesay GA, Fox RJ, Rudy TW, Runco TJ, Woo SL. Relative
contribution of the ACL, MCL, and bony contact to the anterior stability of
the knee. Knee Surg Sports Traumatol Arthrosc 1999;7:93–7.
50. McLean SG, Lipfert SW, van den Bogert AJ. Effect of gender and
defensive opponent on the biomechanics of sidestep cutting. Med Sci
Sports Exerc 2004;36:1008–16.
51. Tsai LC, Sigward SM, Pollard CD, Fletcher MJ, Powers CM. Effects of
fatigue and recovery on knee mechanics during side-step cutting. Med Sci
Sports Exerc 2009;41:1952–7.
ARTICLE IN PRESS JSHS343_proof ■ 30 November 2016 ■ 7/7
Please cite this article in press as: Boyi Dai, et al., The effect of performance demands on lower extremity biomechanics during landing and cutting tasks, Journal of Sport and Health
Science (2016), doi: 10.1016/j.jshs.2016.11.004
7■■
614bs_bs_query
615bs_bs_query
616bs_bs_query
617bs_bs_query
618bs_bs_query
619bs_bs_query
620bs_bs_query
621bs_bs_query
622bs_bs_query
623bs_bs_query
624bs_bs_query
625bs_bs_query
626bs_bs_query
627bs_bs_query
628bs_bs_query
629bs_bs_query
630bs_bs_query
631bs_bs_query
632bs_bs_query
633bs_bs_query
634bs_bs_query
635bs_bs_query
636bs_bs_query
637bs_bs_query
638bs_bs_query
639bs_bs_query
640bs_bs_query
641bs_bs_query
642bs_bs_query
643bs_bs_query
644bs_bs_query
645bs_bs_query
646bs_bs_query
647bs_bs_query
648bs_bs_query
649bs_bs_query
650bs_bs_query
651bs_bs_query
652bs_bs_query
653bs_bs_query
654bs_bs_query
655bs_bs_query
656bs_bs_query
657bs_bs_query
658bs_bs_query
659bs_bs_query
660bs_bs_query
661bs_bs_query
662bs_bs_query
663bs_bs_query
664bs_bs_query
665bs_bs_query
666bs_bs_query
667bs_bs_query
668bs_bs_query
669bs_bs_query
670bs_bs_query
671bs_bs_query
672bs_bs_query
673bs_bs_query
674bs_bs_query
675bs_bs_query
676bs_bs_query
677bs_bs_query
678bs_bs_query
679bs_bs_query
680bs_bs_query
681bs_bs_query
682bs_bs_query
683bs_bs_query
684bs_bs_query
685bs_bs_query
686bs_bs_query
687bs_bs_query
688bs_bs_query
689bs_bs_query
690bs_bs_query
691bs_bs_query
692bs_bs_query
693bs_bs_query
694bs_bs_query
695bs_bs_query
696bs_bs_query
697bs_bs_query
698bs_bs_query
699bs_bs_query
700bs_bs_query
701bs_bs_query
702bs_bs_query
703bs_bs_query
704bs_bs_query
705bs_bs_query
706bs_bs_query
707bs_bs_query
708bs_bs_query
709bs_bs_query
710bs_bs_query
711bs_bs_query
712bs_bs_query
713bs_bs_query
714bs_bs_query
715bs_bs_query
716bs_bs_query
717bs_bs_query
718bs_bs_query
719bs_bs_query
720bs_bs_query
721bs_bs_query
722bs_bs_query
723bs_bs_query
724bs_bs_query
725bs_bs_query
726bs_bs_query
727bs_bs_query
728bs_bs_query
729bs_bs_query
730bs_bs_query
731bs_bs_query
732bs_bs_query
733bs_bs_query
734bs_bs_query
735bs_bs_query
736bs_bs_query
737bs_bs_query
738bs_bs_query
739bs_bs_query
